The p53 protein is subject to Mdm2-mediated degradation by the ubiquitin-proteasome pathway. This degradation requires interaction between p53 and Mdm2 and the subsequent ubiquitination and nuclear export of p53. Exposure of cells to DNA damage results in the stabilization of the p53 protein in the nucleus. However, the underlying mechanism of this effect is poorly defined. Here we demonstrate a key role for c-Abl in the nuclear accumulation of endogenous p53 in cells exposed to DNA damage. This effect of c-Abl is achieved by preventing the ubiquitination and nuclear export of p53 by Mdm2, or by human papillomavirus E6. c-Abl null cells fail to accumulate p53 efficiently following DNA damage. Reconstitution of these cells with physiological levels of c-Abl is sufficient to promote the normal response of p53 to DNA damage via nuclear retention. Our results help to explain how p53 is accumulated in the nucleus in response to DNA damage.
During cancer development there is a strong selection for the loss of p53 function. This occurs primarily via mutation in the p53 gene, or through inactivation of the p53 protein by viral and cellular oncogenes (45) . Stimulation of p53 by oncogenes or stress conditions induces cell growth arrest, senescence, or apoptosis (reviewed in references 12, 40, and 45) . In normal cells, the p53 protein is tightly regulated at multiple levels. These include the level of protein stability, posttranslational modifications, and subcellular localization (1, 20) . The key negative regulator of p53 is the proto-oncogene mdm2. Mdm2 inhibits the transcriptional activity and growth suppression ability of p53 (32) . The most important mechanism by which Mdm2 negatively regulates p53 is by promoting its degradation through the ubiquitin-proteasome pathway (16, 24) , by acting as an E3 ligase (18) . This activity of Mdm2 requires physical interaction between the two proteins. Inhibition of this interaction by antibodies or peptides directed to the interaction site results in the accumulation of p53 (4) . The nuclear export of p53 is important for its degradation by Mdm2 (35) . Blocking this nuclear export of p53 by the drug leptomycin B results in the accumulation of p53 in the nucleus (10) . In addition to Mdm2, several other proteins have been shown to promote p53 for degradation, including the human papillomavirus (HPV) E6 protein (44) .
The expression of the high-risk HPV E6 leads to various anogenital and some oral cancers (44) . The E6 protein (HPV type 16 and HPV-18) promotes p53 for degradation by recruiting a cellular E3 ligase, E6-associated protein (E6-AP), which interacts with p53 only in the presence of E6 (reviewed in references 17 and 44). E6 binds p53 in the C terminus and in the core domain; the latter is essential for p53 degradation (8, 27) . E6 can also inhibit p53 activities without promoting its degradation, implicating the involvement of additional inhibitory mechanisms (reviewed in reference 44) . This efficient silencing of p53 by E6 explains why in cervical tumors, in contrast to most other tumors, p53 remains wild type. However, once the cervical tumor cells metastasize, there is a selection for p53 mutations (9) .
The negative regulation of p53 can be neutralized by the action of partner proteins and by specific modifications. In response to oncogene expression, the p14 ARF protein protects p53 from Mdm2-mediated degradation (reviewed in reference 40) . In addition, specific modifications of p53, such as phosphorylation on serines 15 and 20 and on threonine 18, activate p53 by reducing the affinity of p53 for Mdm2 (reviewed in reference 32). Of these, phosphorylation of serine 20 by Chk2, a target for ataxia telangiectasia mutant protein (ATM) activation, has an important physiological role in the activation and stabilization of p53 in response to DNA damage (7, 41) . Thus, the ATM-Chk2 DNA damage signaling pathway appears to be important in p53 regulation. This is further supported by the identification of Chk2 mutations in Li-Fraumeni syndrome patients (3) .
Interestingly, in response to ionizing radiation ATM activates another important regulator of p53, c-Abl, which is a nonreceptor tyrosine kinase (2, 38) . c-Abl and p53 respond to similar genotoxic stresses (28) . Expression of c-Abl induces G 1 cell growth arrest in a p53-dependent manner (47, 50) . Fibroblasts lacking c-Abl are impaired in their G 1 arrest response to ionizing irradiation (50) . The induction of c-Abl-dependent apoptosis in response to DNA damage involves collaboration with p73 (reviewed in reference 39) and to lesser extent with p53 (49) . However, DNA damage-induced cell killing may also occur in the absence of c-Abl (28) . c-Abl and p53 interact in vitro, and this interaction is further enhanced by DNA damage in vivo (48) . Thus, a number of studies support a role for c-Abl in the cellular response to DNA damage, in which p53 is a key player.
Recently, we found that c-Abl neutralizes the ability of Mdm2 to promote p53 for degradation and to inhibit the transcriptional and apoptotic activities of p53 (46) . This finding prompted us to examine the role of c-Abl in the accumulation of p53 by DNA damage, a major trigger of p53 activation. We report that c-Abl is important for the signaling pathway inducing p53 in response to DNA damage. The mechanisms underlying this important role of c-Abl were investigated. Our results support a key role for c-Abl in the activation of p53 by stress, by regulating the nuclear export of p53 and the extent of its ubiquitination.
MATERIALS AND METHODS

Cells and transfection assays. HeLa cells and the fibroblastic cell lines c-Abl
Ϫ/Ϫ ϩLacZ (Abl Ϫ/Ϫ fibroblasts reconstituted with LacZ) and c-Abl Ϫ/Ϫ ϩc-Abl (Abl Ϫ/Ϫ fibroblasts reconstituted with c-Abl) (46) were grown in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum at 37°C. H1299 cells and Saos-2 cells were grown in RPMI 1640 medium supplemented with 10% fetal calf serum at 37°C. The Saos-2 cell line was derived from an osteosarcoma, and the H1299 cell line was derived from lung adenocarcinoma; neither of these lines expresses p53. HeLa cells were derived from cervical carcinoma infected with HPV-18. The c-Abl Ϫ/Ϫ ϩc-Abl fibroblasts expressed physiological levels of c-Abl (46) . Transfections by the calcium phosphate precipitation method were carried out as previously described (15) . The amount of expression plasmids used in each experiment is indicated in the corresponding figure legend. A constant amount of plasmid DNA in each sample was maintained by adding empty vector. Sf9 insect cells were grown in Grace's medium supplemented with yeastolate and lactalbumin hydrolysate solutions and 10% heat-inactivated fetal calf serum. Cells were grown and infected at 27°C. For the activation of p53, fibroblasts were treated with 3 or 10 g of mitomycin C (Sigma) per ml or 3 g of doxorubicin (Sigma) per ml or exposed to ␥-irradiation (10 Gy).
Western blot analysis and luciferase assay were carried out as previously described (15) . For immunofluorescent staining, cells were plated on glass coverslips. Twenty-four hours posttransfection, cells were treated for 2 h with the proteasome inhibitor ALLN (150 M; Calbiochem) in order to prevent the degradation of p53 and Mdm2 in the cytoplasm. Cells were fixed in cold methanol and stained with anti-p53 antibodies (PAb1801 and DO1) followed by Cy3-conjugated goat anti-mouse immunoglobulin secondary antibody. Cells were stained simultaneously for DNA using DAPI (4Ј,6Ј-diamidino-2-phenylindole). Stained cells were observed with a confocal microscope (Zeiss).
The antibodies used were anti-human p53 monoclonal antibodies PAb1801 and DO1, anti-mouse p53 PAb248 and PAb421, anti-c-Abl ABL-148 (Sigma), anti-␣-tubulin (DM1A; Sigma), anti-histone 2B (LG2-2; kindly provided by Dan Eilat, Hadassah University Hospital, Jerusalem; Israel), Cy3-conjugated goat anti-mouse immunoglobulin, and horseradish peroxidase-labeled goat antimouse immunoglobulin G (Jackson ImmunoResearch Laboratory).
Ubiquitination assay in vivo and in vitro. The ubiquitination of p53 in vivo was detected by transfecting HeLa cells with 0.5 g of human p53 expression plasmid, with or without 4 g of expression plasmid for c-abl. Twenty-two hours posttransfection, cells were treated with 150 M ALLN for 2 h. Following treatment, cells were subjected to nuclear cytoplasmic fractionation. To prepare the cytoplasmic fraction, the cell pellets were resuspended in cytoplasmic buffer (10 mM Tris HCl [pH 8.0], 10 mM KCl). Cells were allowed to swell for 2 min, and then NP-40 was added to 0.4%, followed by centrifugation. The supernatant contained the soluble cytoplasmic fraction. The pellets were washed once more with the cytoplasmic buffer before proceeding to nuclear fractionation. For the preparation of the nuclear fraction, the remaining cell pellet was resuspended in high-salt radioimmunoprecipitation assay buffer (50 mM Tris [pH 8.0], 5 mM EDTA, 400 mM NaCl, 1% NP-40, 1% deoxycholate, and 0.025% sodium dodecyl sulfate [SDS] ). The purity of the cytoplasmic fraction was verified by probing with anti-␣-tubulin, while that of the nuclear fraction was verified with antihistone 2B. Nuclear extracts were subjected to Western blot analysis using the indicated antibodies.
The in vitro reconstitution assay for the ubiquitination of p53 by E6-E6-AP was carried out essentially as described by Gonen et al. (14) . Human p53 was translated in vitro by TNT reaction in wheat germ extract. The conjugation reaction mixture contained 0.2 g of human E1 (affinity purified on a ubiquitin column), 1 g of His-tagged UbcH5c (purified on a nickel column), glutathione S-transferase (GST)-HPV-16 E6 (purified on a glutathione Sepharose column), 0.3 l of Sf9 cell extract expressing E6-AP, 2 l of in vitro-translated p53, and different amounts of extract from Sf9 cells that were either infected with baculoviral vector encoding c-Abl or noninfected. The reaction was carried out in 12.5 l containing 40 mM Tris (pH 7.5), 2 mM dithiothreitol, 5 mM MgCl 2 , 10 g of ubiquitin, 5 mM ATP␥S, and 0.5 g of ubiquitin-aldehyde. The reaction was performed at 30°C for 50 min. The mixture was then resolved by SDS-10% polyacrylamide gel electrophoresis (10% PAGE).
The in vitro reconstitution assay for p53 ubiquitination by Mdm2 contained the following components: 0.5 g of human E1 (affinity purified on a ubiquitin column), 0.5 g of His-tagged UbcH5c (purified on a nickel column), 0.3 g of GST-Mdm2 (purified on a glutathione Sepharose column), 0.5 l of in vitrotranslated p53 in wheat germ extract (Promega), and 0.5 g of Sf9 extracts (from control and c-Abl-expressing cells). The reaction mixture contained 40 mM Tris (pH 7.6), 2 mM dithiothreitol, 5 mM MgCl 2 , 10 g of ubiquitin, and 1 mM ATP␥S. The reaction was performed at 30°C for 1 h. The mixture was then resolved by SDS-10% PAGE and subjected to Western blotting using antihuman p53 antibodies (PAb1801 and DO1).
Plasmids. The expression plasmids used were those encoding human wild-type p53 (pRC/CMV wtp53), HPV-16 E6 (pCB6 HPV16E6; a generous gift from K. Vousden), His-tagged E6-AP in a baculoviral vector (a generous gift from M. Scheffner), human E1 and His-tagged UbcH5c (14) , GST-HPV-16 E6, mouse wild-type c-abl (pCMV c-abl IV) and kinase-defective c-abl (pCMV c-abl K290H), mouse mdm2, and human Hdm2 (15, 46) . The green fluorescent protein (GFP) plasmids used were the enhanced GFP plasmid (pEGFP Clontech) and pEGFP fused to the farnesylation signal of Ha-ras (pEGFPF; a generous gift from W. Jiang and T. Hunter). c-Abl was fused to the N terminus of GFP. Mouse c-abl was amplified by PCR using the following oligonucleotides: a 5Ј primer, GCGAATTCCACCATGGGGCAGCAGCCTGG, containing an EcoRI restriction site and a 3Ј primer, CAGGATCCCTCCGGACAATGTCGCTGA, containing a BamHI restriction site. The PCR product of c-abl was digested with these sites and cloned into the same sites in pEGFP. The reporter plasmid used was the cyclin G luciferase plasmid (15) . For expression of c-Abl in baculovirus, c-Abl IV cDNA was fused to a six-His tag by PCR amplification. The 5Ј oligonucleotide was GCGGATCCCATGCATCATCATCATCATCATGGGCAGC AGCCTGGAAAAGT, and the 3Ј oligonucleotide was CCGAATTCACCTCC GGACAATGTCGTCGCTGAT. The PCR product was digested with BamHI and EcoRI and ligated into a baculovirus expression vector digested with the same restriction enzymes (pVL1393; Pharmingen). The baculovirus was generated and amplified in cells according to the manufacturer's instructions.
RESULTS
c-Abl is critical for the efficient accumulation of p53 in response to DNA damage. Cooperation between c-Abl and p53 in the cellular response to stress has been implicated by a number of studies (reviewed in reference 22). However, the underlying molecular mechanism for this cooperation has not been defined. It has previously been shown that overexpression of c-Abl can neutralize the degradation of p53 by Mdm2 (46) . This finding encouraged us to propose that c-Abl may play a role in the accumulation of p53 in cells exposed to stress. Since both c-Abl and p53 are activated by double-strand DNA breaks, the role of c-Abl in the accumulation of p53 in response to such DNA damage was investigated. For this purpose, mouse embryo fibroblasts (MEFs) were generated from normal and c-abl null mice. Cells were exposed to mitomycin C for 6 h before harvest. The steady-state levels of endogenous p53 were determined by subjecting the cell extracts to Western blot analysis using anti-p53 antibodies (PAb421 and PAb248). As shown in Fig. 1A , the accumulation of p53 in cells exposed to 3 g of mitomycin C per ml is greatly impaired in fibroblasts lacking c-Abl compared with normal fibroblasts (lanes 3 and 4, dark exposure). A similar effect was observed after exposure to 10 g of mitomycin C per ml (lanes 5 and 6, light exposure). To ensure that this effect is not specific only to mitomycin C, cells were also exposed to another DNA-damaging agent, doxorubicin (3 g/ml). Again, the accumulation of p53 was more efficient in the presence of c-Abl (lanes 7 and 8, light exposure). The expression of p53 was quantified by densitometry, and the results are summarized in Fig. 1B .
It should be noted that the basal level of the p53 protein is higher in normal cells than in cells lacking c-Abl (Fig. 1A , lanes 1 and 2), consistent with c-Abl protecting p53 even in the absence of stress. Similarly, the accumulation of p53 by treatment with the proteasome inhibitor ALLN was enhanced by the presence of c-Abl (Fig. 1A , lanes 9 and 10; light exposure). The similarity in the level of the p53 protein between cells treated with ALLN (lane 10) and normal cells, but not c-abl null cells (lane 7), exposed to doxorubicin (lane 8), demonstrates the requirement for c-Abl in order to achieve maximal accumulation of p53 in response to DNA damage.
As an additional approach, the role of c-Abl in the accumulation of p53 in response to DNA damage was tested in a different experimental system. For this purpose we used two fibroblastic cell lines, c-Abl Ϫ/Ϫ ϩLacZ (c-abl null fibroblasts infected with LacZ retrovirus) and c-Abl Ϫ/Ϫ ϩc-Abl (c-abl null fibroblasts reconstituted with c-Abl at levels within the physiological range) (46) . The accumulation of p53 in response to mitomycin C (3 g/ml for 6 h) was greater in cells reconstituted with c-Abl than in c-abl null cells (Fig. 1C, lanes 3 and 7) . Here too, the basal level of the p53 protein, and its accumulation in the presence of ALLN was higher in cells expressing c-Abl (Fig. 1C , lanes 1 and 5 and lanes 2 and 6). Further, the two cell lines were exposed to ␥-irradiation (10 Gy), and the steadystate level of p53 was measured by Western blot analysis using anti-p53 antibodies (PAb421 and PAb248). In the c-Abl-expressing cells, the p53 protein was elevated by 1 h and remained high for a subsequent hour (Fig. 1D , lanes 6 to 10). On the other hand, in c-abl null cells, the elevation by 1 h was less (10) . It was therefore tempting to suggest that c-Abl may protect p53 by preventing its nuclear export in stressed cells. To test this conjecture, the effect of c-Abl on the accumulation of p53 within the nuclei of cells exposed to DNA damage was examined. The c-abl null MEFs and their normal counterparts were exposed to DNAdamaging agents. Nuclear fractions were prepared, and the extracts were subjected to Western blot analysis using anti-p53 antibodies (PAb248 and PAb421). Upon exposure to doxorubicin (3 g/ml for 6 h), the accumulation of p53 within the nuclei of c-abl null MEFs was markedly lower than in the nuclei of normal MEFs (Fig. 2, lanes 4 and 5, light exposure) . A consistent difference, albeit at lower expression levels, was observed after treatment with mitomycin C (3 g/ml for 6 h) (Fig. 2, lanes 7 and 8) . Similar results were obtained when c-Abl-reconstituted fibroblastic cells were compared to c-abl null fibroblasts after exposure to doxorubicin and mitomycin C (data not shown). Overall, these results demonstrate that the physiological levels of c-Abl are essential for the efficient accumulation of p53 within the nuclei of cells exposed to DNA damage. It should be noted that the elevation of the p53 protein in the nucleus by blocking its proteasomal degradation was again largely dependent on c-Abl (Fig. 2, lanes 8 and 9) .
This implicates c-Abl as an important regulator of p53 expression within the nucleus in nonstressed cells as well.
The nucleocytoplasmic shuttle of p53 by Mdm2 is inhibited by c-Abl. Our findings above demonstrating a role for c-Abl in the accumulation of p53 in the nucleus raised the possibility that c-Abl may interfere with the nuclear export of p53. The nuclear export of p53 by Mdm2 has been previously shown to be essential for the ability of Mdm2 to promote p53 for degradation (10, 35) . This raised the possibility that c-Abl may protect p53 in the nucleus by preventing its nuclear export by Mdm2. This notion is particularly attractive in light of our previous findings showing that c-Abl protects p53 from Mdm2-mediated degradation and that the protected p53 is functionally active. This possibility was tested by monitoring the effect of c-Abl on Mdm2-mediated nuclear export of p53. The p53-deficient Saos-2 cells were transfected with an expression plasmid for p53 alone, or in combination with expression plasmids for mdm2 and c-abl-GFP. Twenty-four hours posttransfection, cells were treated with the proteasome inhibitor ALLN for 2 h to prevent p53 degradation. Cells were then fixed in methanol and stained for p53 using anti-p53 monoclonal antibodies (PAb1801 and DO1) followed by a Cy3-conjugated goat antimouse immunoglobulin secondary antibody. c-Abl-GFP expression was monitored by GFP fluorescence, and the nuclei were visualized by staining the DNA with DAPI. Stained cells were examined under the confocal microscope. As shown in Fig. 3 , the proportion of cells with nuclear staining only compared with cells with nuclear and cytoplasmic staining was scored for each combination. Cotransfection of Mdm2 with p53 increased the proportion of cells with cytoplasmic staining almost twofold, consistent with previous findings (10, 35) . Importantly, in the presence of c-Abl and Mdm2, the Mdm2-mediated nuclear export of p53 was diminished and the proportion of cells with cytoplasmic staining was reduced to the level observed with p53 alone (Fig. 3) . Thus, c-Abl prevents the nuclear export of p53 induced by Mdm2.
c-Abl inhibits the nuclear export of p53 by E6 in HeLa cells. As with Mdm2, the degradation of p53 by the HPV E6 protein requires, at least to a large extent, the nuclear export of p53 (10) . It was of interest to determine whether c-Abl can also protect p53 from E6-mediated degradation and, if so, whether it blocks the nuclear export of p53 in HPV-infected cells. To test this hypothesis, Saos-2 cells were transfected with an expression plasmid for wild-type p53 alone, or together with an expression plasmid for E6, with or without an expression plasmid for c-abl. Twenty-four hours posttransfection, cells were harvested and subjected to Western blot analysis using antip53 antibodies. The level of p53 expression was reduced in the presence of E6 (Fig. 4A, lanes 1 and 2) , consistent with previous findings (37) . Importantly, coexpression of c-Abl protected p53 from E6-mediated degradation (Fig. 4A, lane 3) . The same result was obtained in H1299 cells, a lung carcinoma-derived cell line lacking p53 expression (data not shown). Thus, c-Abl can block the ability of E6 to destabilize p53, and this effect is not cell type specific. It should be noted that coexpression of c-Abl with p53 in the absence of E6 also elevated the level of p53 expression (Fig. 4A, lane 4) , probably by overcoming Mdm2-mediated destabilization (46) . The protection of p53 from E6 was effective also in the absence of c-Abl kinase 9) . Nuclear fractions were prepared, and extracts were subjected to Western blot analysis for p53 expression using anti-p53 antibodies (PAb421 and PAb248). Extract from the cytoplasmic fraction of untreated cells was included as a control (C). The purity of the nuclear and cytoplasmic fractionation was monitored by reprobing the membrane with anti-histone 2B and anti-␣-tubulin, respectively. activity (data not shown), as is the case with the protection of p53 from Mdm2 (46) .
On the basis of this result, the effect of c-Abl on the nuclear export of p53 by E6 was examined. This question was addressed with HeLa cells, a cell line derived from an HPV-18-infected cervical carcinoma expressing wild-type p53. HeLa cells were transfected with small amounts of wild-type p53 expression plasmid together with expression plasmids for either GFP or c-Abl-GFP fusion protein. Twenty-four hours posttransfection, cells were treated with ALLN, fixed, and stained for p53 as described above. In approximately one-half of the transfected cells, p53 was expressed both in the nucleus and in the cytoplasm, and in some cells it was expressed in the cytoplasm only (Fig. 4B) . In contrast, a dramatic shift in p53 localization to the nucleus was observed when p53 and c-Abl-GFP were coexpressed (Fig. 4B) . Quantitative analysis of several hundred p53 and c-Abl-GFP-coexpressing cells indicated that in over 90% of these cells, p53 was confined to the nucleus (Fig. 4C) . To further quantify this finding, the effect of c-Abl on the nuclear export of p53 was examined by Western blot analysis of nuclear and cytoplasmic fractions. HeLa cells were transfected with expression vector for mouse p53, in order to distinguish it from the endogenous human p53, with or without an expression vector for c-Abl. Twenty-four hours posttransfection, nuclear and cytoplasmic fractions were prepared and the levels of p53 in each fraction were monitored by Western blot analysis using anti-p53 polyclonal antibody (CM5; Novocastra). The presence of c-Abl enhanced the accumulation of the p53 protein in the nucleus but not in the cytoplasm. Overall, these results supports the notion that c-Abl prevents the nuclear export of p53 by E6 and promotes the accumulation of p53 within the nucleus.
Ubiquitination of p53 by Mdm2 is attenuated by c-Abl in vivo and in vitro.
The results presented here show that c-Abl promotes p53 accumulation within the nucleus and prevents its nuclear export by Mdm2 and E6. Since Mdm2 is an E3 ligase and since E6 promotes the ubiquitination of p53 by E6-AP, it was of great interest to determine whether c-Abl interferes with the ubiquitination of p53 by Mdm2 or E6 to E6-AP. From the current literature, it is unclear whether the ubiquitination of p53 occurs in the nucleus or the cytoplasm. To address this question, the effect of c-Abl on the ubiquitination of p53 by Mdm2 was examined. To test the effect in vivo, H1299 cells were transfected with p53 alone, p53 and mdm2, or both together with c-abl. Twenty-four hours posttransfection, cells were treated with ALLN for 2 h, to prevent p53 degradation, prior to harvesting nuclear and cytoplasmic fractions. Nuclear extracts were resolved by SDS-PAGE, and p53 ubiquitin conjugates were detected by Western blot analysis using anti-p53 antibodies (PAb1801 and DO1). Within the nuclear fraction, the ubiquitination of p53 was enhanced when Mdm2 was coexpressed with p53, compared with the expression of p53 alone (Fig. 5A, lanes 2 and 3) . Importantly, the addition of c-Abl prevented the in vivo ubiquitination of p53 by Mdm2 both of the lower conjugates and of the smear at a high molecular weight (lane 4). This result supports the notion that c-Abl protects p53 within the nucleus by impairing the efficiency of its ubiquitination. It should be noted that the pattern of p53 conjugation (lane 3) disappeared in the absence of ALLN (lane 1), supporting the identification of the smeared and clear bands above p53 as p53 conjugates. These bands were shown to contain ubiquitin molecules by coimmunoprecipitation assay using the ubiquitin-Ha tag (data not shown).
To gain further support for this conclusion, the effect of p53 conjugation was examined in an in vitro reconstitution assay. In vitro-synthesized p53 was incubated with purified E1, Histagged purified UbcH5c as the E2, and purified GST-Mdm2 as the E3 ligase, as described in Materials and Methods. p53-ubiquitin conjugates appeared only in the presence of all three components, not in the absence of Mdm2 (Fig. 5B, lanes 1 and  2) . The effect of c-Abl on the ubiquitination of p53 was tested by including in the ubiquitination reaction extracts from control Sf9 cells or from c-Abl-expressing cells. The overall efficiency of ubiquitination was impaired in the presence of extracts containing c-Abl by 40% (Fig. 5B, lane 3) , while the VOL. 21, 2001 c-Abl REGULATES THE NUCLEAR ACCUMULATION OF p53control extract had no inhibitory effect (lane 4). The inhibitory effect of c-Abl on the generation of the high-molecular-weight p53 conjugates was more significant, reaching 60% inhibition. Overall, these ubiquitination assays support the notion that c-Abl impairs the ubiquitination of p53 by Mdm2. c-Abl impairs the ubiquitination of p53 by E6 in vivo and in vitro. The effect of c-Abl on the ubiquitination of p53 by Mdm2 encouraged us to test its effect on the ubiquitination of p53 by E6. This is of particular importance since some degradation of p53 by E6-E6-AP appears to occur in the nucleus (10) . The effect of c-Abl on the ubiquitination of p53 in vivo was examined in HeLa cells. Cells were transfected with an expression plasmid for wild-type p53 with or without an expression plasmid for c-abl. Twenty-four hours after the transfection, cells were treated with ALLN, nuclear and cytoplasmic fractions were prepared, and extracts were subjected to Western blot analysis using an anti-p53 antibody. Transfection of HeLa cells with p53 alone resulted in extensive ubiquitination of p53 in the nucleus as measured by the accumulation of high-molecular-weight bands of p53 (Fig. 6A, lane 2) . In the absence of ALLN, these p53 conjugates were not observed (data not shown). Importantly, in the presence of c-Abl there was a significant decrease in the amount and molecular weight of the p53 conjugates in the nucleus (Fig. 6A, compare lanes 2 and 3) . A reduction of 30% was seen in the total ubiquitination, and more importantly, with the high-molecular-weight p53 conju- 3) and nuclear (lanes 4 to 6) fractions were prepared and subjected to Western blot analysis using anti-p53 antibody (CM5). Equal loading between the different transfections was monitored by probing with antiactin.
gates the reduction reached 75%. c-Abl also reduced the amount of p53 conjugates in the cytoplasm by approximately 75% (Fig. 6A, compare lanes 5 and 6) . This observation demonstrates that c-Abl impairs the efficiency and extent of E6-E6-AP-dependent ubiquitination of p53 within the nucleus. It cannot be excluded that Mdm2 also contributed to the ubiquitination of p53 in HeLa cells; the extent of this contribution is difficult to assess.
To address the same question more directly we examined the effect of c-Abl on the ubiquitination of p53 in an in vitro reconstitution assay. The ubiquitination of p53 in vitro was performed essentially as previously described (14) . The p53 protein was synthesized in vitro in the presence of [ 35 S]methionine and incubated with purified E1, UbcH5C as an E2, HPV E6, and E6-AP. The appearance of p53 ubiquitin conjugates was obtained only when all the components were present (Fig.  6B, lane 4) but not in the absence of E6 or E6-AP (lanes 1 to  3) . The effect of c-Abl on the ubiquitination of p53 was tested by adding to the ubiquitination reaction extracts of Sf9 cells that were infected with baculovirus expressing c-Abl or of noninfected cells used as a control. The efficiency of the ubiquitination of p53 was significantly impaired in the presence of extract from c-Abl-infected Sf9 cells in a dose-dependent manner, reaching 86% inhibition (Fig. 6B, lanes 6, 8, and 10 ), while the extracts from control cells had only a minor effect, with inhibition reaching only 24% (lanes 5, 7 and 9). The extent of inhibition by Sf9 expressing c-Abl correlated with the integrity of the c-Abl protein in the Sf9 extracts. Overall, these in vivo and in vitro assays suggest that c-Abl impairs the ubiquitination of p53 by E6-E6-AP, thereby providing an explanation for the accumulation of p53 in the nucleus.
c-Abl neutralizes the inhibitory effects of HPV E6 on p53 transcriptional activity. The findings that c-Abl protects p53 from degradation and nuclear export by E6 (Fig. 4) and impairs its ubiquitination by E6-E6-AP (Fig. 6 ) prompted us to ask whether p53 that is protected by c-Abl from E6 remains functionally active. This was of particular interest, since the HPV E6 protein can also inhibit p53 activity without promoting it for degradation (23, 25, 26, 43) . To test this notion, the effect of c-Abl on the inhibitory effect of E6 on p53 transcriptional activity was measured. Saos-2 cells were transiently transfected with a reporter plasmid containing the luciferase gene under the control of the cyclin G promoter. The induction of the luciferase activity by p53 was reduced by 60% in the presence of E6 (Fig. 7A) . Significantly, coexpression of c-Abl completely neutralized the inhibition by E6, and p53 activity was increased to a higher level than that obtained with p53 alone (Fig. 7A) . Expression of c-Abl alone had a minor effect on the cyclin G promoter (Fig. 7A) ; hence, this effect of c-Abl was specific for p53. This result suggests that c-Abl stabilizes p53 in an active form despite the presence of E6.
These results raised the question of whether c-Abl protects p53 from E6 only when E6 is expressed alone or also when it is expressed in the context of HPV-infected cell. To explore this, HeLa cells were transfected with the cyclin G luciferase reporter plasmid alone, and low transcriptional activity was observed, presumably reflecting the activation of endogenous p53 by the transfection conditions (34) . Expression of c-Abl together with the reporter gene induced a significant level of luciferase activity (Fig. 7B) , supporting the notion that c-Abl Twenty-four hours after transfection, cells were incubated with ALLN (150 M) for 2 h. Nuclear and cytoplasmic (cyto) fractions were prepared, and the extracts were resolved by SDS-PAGE followed by blotting with anti-p53 antibodies (PAb1801 and DO1). The purity of the nuclear and cytoplasmic fractionation was monitored by reprobing the membrane with anti-histone 2B and anti-␣-tubulin, respectively. The positions of the p53-ubiquitin (Ub) conjugates are indicated. The intensity of the ubiquitinated p53 bands was quantified by densitometry and is presented as arbitrary units (10 Ϫ2 ) below the blots. The level of ubiquitination of p53 in the absence of ALLN (lane 1) was taken as background and was given the value 0. The intensity in the other lanes was calculated relative to lane 1. (B) Ubiquitination of p53 by Mdm2 in an in vitro reconstitution assay. An in vitro-synthesized human p53 was incubated with E1, E2 (UbcH5c), and GST-Mdm2 (lane 2). Incubation without Mdm2 was used as a control (lane 1). Extract from Sf9 cells infected with baculovirus encoding c-Abl (lane 3) or from noninfected Sf9 cells (lane 4) was added to the reaction mixture, and the reaction was carried out at 30°C for 1 h. The mixture was subjected to Western blotting using anti-p53 antibodies (PAb1801 and DO1). The intensity of the ubiquitinated p53 bands is presented as in panel A. The intensity of the high-molecular-weight p53 conjugates ("upper") was measured separately.
VOL. 21, 2001 c-Abl REGULATES THE NUCLEAR ACCUMULATION OF p53enhances the transcriptional activity of endogenous wild-type p53 in the presence of E6. This activation reached already 60% of the activity that was obtained by the expression of exogenous p53 in these cells (Fig. 7B) . Co-expression of p53 together with c-Abl increased p53 activity even further, presumably reflecting the ability of c-Abl to overcome not only the inhibition by E6 but also by other negative regulators, such as Mdm2 (46) . Overall, these results support a role for c-Abl in the activation of p53 in HPV-infected cells.
DISCUSSION
c-Abl is important for efficient accumulation of p53 in response to DNA damage. Under normal growth conditions, the p53 protein is kept as a labile and inactive protein. But upon exposure to DNA damage and other stress signals, it accumulates in the nucleus and becomes transcriptionally active. Here we demonstrated that physiological levels of c-Abl are crucial for the efficient accumulation of endogenous p53 in response to various DNA-damaging agents (Fig. 1) . c-Abl enhances both the rate and the extent of p53 accumulation in response to stress (Fig. 1) . In contrast, the DNA damage-induced accumulation of p53 in c-abl-deficient fibroblasts is weak and slow. This implicates c-Abl as an important regulator in the stabilization of p53 in response to DNA damage. Moreover, our results support a role for c-Abl in the regulation of p53 levels in nonstressed cells. First, the basal level of the p53 protein is significantly higher in cells expressing c-Abl than in cells lacking it. Second, the extent of p53 stabilization by blocking its proteasomal degradation is c-Abl dependent (Fig. 1) . Hence, c-Abl is an important factor regulating the maintenance of p53 protein levels under normal conditions. This action may assure a rapid and efficient stabilization of p53 upon exposure to stress.
These findings provide a mechanistic explanation for the cooperation between p53 and c-Abl in response to genotoxic stresses. c-Abl enhances the transcriptional activity of p53 (13, 47, 48) and is required for the down-regulation of Cdk2 activity in cells exposed to DNA damage. p53 is important for the ability of c-Abl to promote G 1 growth arrest and apoptosis (13, 47, 49, 50) , suggesting a synergistic action of both proteins in the growth-inhibitory response to genotoxic stress. c-Abl is activated by ATM in response to DNA damage (2, 38) . This provides one of the multiple pathways by which ATM protects p53 from the inhibitory effect of Mdm2. ATM activates p53 by direct phosphorylation on serine 15 of p53, and it activates Chk2 to phosphorylate p53 on serine 20. The latter modification has the most dramatic effect on the accumulation of p53 in response to DNA damage (7, 41) . More recently, a direct phosphorylation of Mdm2 by ATM has been shown to contribute to this effect (30) . Presumably, the combined activation of multiple parallel pathways is essential for securing an efficient and rapid activation of p53 in response to DNA damage.
c-Abl regulates p53 nuclear export and ubiquitination. The mechanisms involved in the enhanced accumulation of p53 in the presence of c-Abl following DNA damage have not been defined. Since the nuclear export of p53 is essential for its degradation by both Mdm2 and E6 (10, 35) , it was tempting to propose that c-Abl protects p53 by regulating its subcellular localization. Indeed, c-Abl is required for the efficient accumulation of p53 in the nuclei of cells exposed to DNA damage FIG. 6 . c-Abl impairs the ubiquitination of p53 by E6-E6-AP in vivo and in vitro. (A) HeLa cells were transfected with an expression plasmid for p53 (1 g), either alone or together with an expression plasmid for c-Abl (4 g). Twenty-four hours posttransfection, cells were treated with ALLN for 2 h. Nuclear and cytoplasmic fractions were prepared and subjected to Western blot analysis using anti-p53 antibodies (PAb1801 and DO1). The intensity of the ubiquitinated conjugates of p53 (Ub-p53) was quantified and is presented as arbitrary units (10 Ϫ2 ) below the blot. The intensity of the high-molecularweight p53 conjugates ("upper") was also measured separately. The levels of ubiquitination in the presence of vector alone (lanes 1 and 4) were taken as background and given the value 0. The intensity in the other lanes was calculated relative to the corresponding background. (B) Ubiquitination of p53 by E6-E6-AP in vitro. Radioactively labeled p53 was synthesized in vitro and incubated with purified E1, UbcH5C as an E2, HPV E6, and E6-AP (lanes 4 to 9). As controls, p53 was incubated in the absence of one or more components (lanes 1 to 3) . Extracts from cells infected with baculovirus encoding c-Abl and from noninfected cells were added to the reaction mixture. The reaction was carried out at 30°C for 50 min, and the mixture was subjected to SDS-PAGE followed by exposure to an X-ray film. The intensity of the high-molecular-weight band of ubiquitinated p53 was quantified by densitometry. Lane 4 was taken as 100%, from which the relative intensity of ubiquitinated p53 bands was calculated.
( Fig. 2A) . Specifically, c-Abl prevents the nuclear export of p53 by Mdm2 and by HPV E6 (Fig. 2 and 3) . It is not yet clear whether the nucleocytoplasmic shuttle of p53 requires the nuclear export signal (NES) of Mdm2 (35) , that of p53 (42) , or the combined signals of both. c-Abl may affect the accessibility of the NES of p53. c-Abl binds the C terminus of p53 and stabilizes its interaction with DNA (33). This interaction is likely to stabilize the tetrameric form of p53 and consequently mask the NES of p53 and prevent its nuclear export. This notion is supported by the fact that the interaction between p53 and c-Abl is enhanced by DNA damage (48) . However, other mechanisms operating in parallel cannot be excluded at this stage.
It has recently been suggested that the ubiquitination of p53 by Mdm2 in the nucleus facilitates its nuclear export (5, 11) . It is conceivable that the nuclear export of p53 by E6 operates through a similar mechanism, in particular since both Mdm2 and E6 promote the ubiquitination and nuclear export of p53 (10) . c-Abl impairs both Mdm-2-and E6-E6-AP-mediated p53 ubiquitination within the nucleus (Fig. 5A and 6A ) and in an in vitro reconstituted degradation assay ( Fig. 5B and 6B) . This explains the effect of c-Abl on the accumulation of p53 in the nuclei of stressed cells. The ability of c-Abl to interfere with both processes is consistent with this conjecture.
How does c-Abl impair the ubiquitination of p53 by E6-E6-AP and by Mdm2? To date, little is known about the regulation of p53-ubiquitin conjugation. While c-Abl does not inhibit the p53-Mdm2 interaction (46) , it may affect the E3 ligase activity of Mdm2 (Fig. 5) . Similarly, the binding between p53 and E6 is not inhibited by c-Abl (data not shown), but p53-E6-AP binding, which is essential for the ubiquitination of p53 (19) , could be affected. In fact, the binding site of c-Abl in p53 (residues 363 to 393 [33] ) overlaps with one of the two binding sites for E6 (residues 376 to 384 [27] ). Moreover, the stabilization of the p53-DNA complex by c-Abl (33) may render p53 more resistant to degradation by E6 (31) . By stabilizing the tetrameric form of p53 (33) , c-Abl may also impair efficient ubiquitination of p53 by Mdm2 or E6-AP. The action of c-Abl on p53 stabilization may also involve indirect mechanisms, such as through p300 (51) . Unraveling the mechanism by which c-Abl impairs the ubiquitination of p53 is a subject for further investigation.
Role for c-Abl in the protection of p53 from HPV E6. c-Abl protects p53 from degradation by HPV E6 (Fig. 4A ). This degradation is essential for E6 to inhibit p53-mediated apoptosis (43) but refractory for the inhibition of other activities of p53, such as DNA binding (25) , transcriptional activity, and the induction of growth arrest (23, 26, 43) . Indeed, inhibition of E6-mediated p53 degradation by a proteasome inhibitor is insufficient for the full activation of p53. An additional stimulation of p53, such as exposure to DNA damage, appears to be required (29) . Importantly, the p53 protein that is protected by c-Abl remains functionally active (Fig. 7) . Therefore, c-Abl not only protects p53 from degradation by E6 but also overcomes the degradation-independent inhibitory effects of E6. Mechanisms underlying the latter inhibitory effects are partially understood. E6 blocks the interaction between p53 and the transcriptional coactivators CBP and p300, thereby impairing the transcriptional activity of p53 (52) . Further, the nuclear localization of p53 is perturbed in the presence of E6, resulting in the accumulation of inactive p53 in the cytoplasm (29) .
In the majority of cervical tumors, p53 remains wild type (8, 36) , and its signaling pathways are intact in HPV-infected cells (6) . While there is no direct evidence for the regulation of E6 in HPV-infected cells, p53 can be stabilized and activated in response to mitomycin C in some HPV-infected cells (29) . Interestingly, the same drug activates c-Abl (21) and enhances its interaction with p53 (48) . Our findings suggest that c-Abl plays a cardinal role in the activation of p53 in HPV-infected cells in response to stress; in this case the transfected DNA triggers p53 activation (34) . Presumably, under normal conditions, the presence of c-Abl is insufficient to protect p53 from HPV E6. In principle, the c-Abl protein may provide an effective means of activating p53 in HPV-infected cells. Twenty-four hours posttransfection, cells were harvested and the luciferase activity in the cell extracts was measured. Data include standard deviations of triplicates from one of four independent experiments with consistent results.
